ABSTRACT: This paper presents a newly developed displacement sensor system. Interferometers or linear encoders are normally used to monitor the motion of precision stages. However, these sensors operate in one dimension only. Hence, if the device has multiple degrees of freedom, the number of sensors required to monitor its motion must be the same as the number of degrees of freedom. This adds complexity when designing the machine layout. In this study, we propose a two-dimensional displacement sensor system. This system consists of two-dimensional angle sensors and a two-dimensional angle grid. Because of the angle independency of the x and y directions, it is possibly to monitor the x and y components of motion from the angle sensor outputs. This system can also improve its capability by using in-situ self-calibration to calibrate the sensors and angle grid. Two-dimensional angle sensors were developed for the proposed system and the basic performance was tested. The sensors could clearly detect the two-dimensional angle grid. The results of a displacement measuring experiment showed that the proposed system can monitor stage movement within a 2-micron error with in-situ self-calibration compensation.
INTRODUCTION
Precision stages that can be positioned within the sub micron order 1 are a fundamental component of precision machines. Displacement sensors play a highly important role in ensuring the accuracy of such precision stages.
Interferometers or linear encoders are normally used to monitor the motion of precision stages. However, these sensors operate in one dimension only, so it is impossible for them to monitor two-dimensional stage motion directly. For example, one linear encoder cannot monitor the two-dimensional motions of a precision stage driven by a linear motor or walking drive 2, 3 . If interferometers 4 are applied to detect these motions, two interferometers and scales, which are assured its profile accuracy, are required. Moreover, when there is a need to detect pitching motion or rolling motion of a stage, the number of sensors must be further increased. This adds complexity when designing the machine layout and significantly raises costs.
Recently, a two-dimensional encoder has been developed to detect plane motion using image processing of a grid target. This system is used for calibration of NC machining systems 5 . However, it does not handle angular motion because it depends on images of grid shapes.
In this study, we propose a two-dimensional displacement sensor system. This system consists of two-dimensional angle sensors and a two-dimensional angle grid. Because of the angle independency of the x and y directions, it is possibly to monitor the x and y components of motion from the angle sensor outputs. This system can detect pitching and rolling motion as well simply by adding angle sensors, because it detects displacement from the angle outputs.
This system also can improve its capability by using in-situ self-calibration 6 to calibrate the sensors and angle grid. The in-situ self-calibration method only involves repeated tiny variations of the calibrated value, and does not require any other external reference for calibration. This paper describes the principles of the proposed system, the development of the two-dimensional angle sensors, and the results of basic performance experiments.
PRINCIPLES
Principle for Detecting Two-dimensional Position Figure 1 shows the principle for detecting two-dimensional position. A two-dimensional sinusoidal grid (angle grid) is denoted as follows:
Where 1 λ and 2 λ are the wavelengths of the angle grid in the x and y directions, respectively, and 1
A and 2
A are the amplitudes of the grid profile. Using a two-dimensional angle sensor to monitor this grid, the output of sensor will be:
Here,
are the angle amplitude of the grid. From Equations (2) and (3), it is seen that displacement outputs x and y are independent of each other. Therefore, two-dimensional displacement can be monitored from the two-dimensional angle sensor outputs. By combining two angle sensors, it becomes possible to monitor plane displacements while avoiding the influence of pitching and rolling errors occurring as a result of stage movements, according to the principle of differential laser auto-collimation 7 . As shown in Figure 2, (4) to (7), ( , ) ( , ) (
Because ) (x g and ) ( x h are known functions, using Equations (8) and (9) we can detect the x and y displacements. Moreover, using Equations (4) and (5), the pitching and rolling errors can be obtained.
In this study, we used an angle grid of the following size: m µ λ λ 300
.
In-situ Self-calibration
Unfortunately, this two-dimensional displacement monitoring system has a certain limitation in its capability that arises from the accuracy of the two-dimensional angle sensor and the accuracy of the angle grid. In order to improve the system, angle sensor calibration and grid profile calibration are required.
In-situ self-calibration is a method to calibrate geometrical sensors such as displacement sensors or angle sensors. It does not require any other special reference for calibration. This method is now described.
The relationship between the output voltage of a geometrical sensor and the amount of geometry x is
Input x
Output V Linearity error V
Linearity error g(x)
Output f(x) 
Where f(x) is the output voltage, S p is the sensitivity of the sensor, and ) (x g is the linearity error. Figure 4 shows the application of a series of geometrical values x i and x i +d (
) to the sensor. The variable d is a certain amount of geometry. From this operation, we can obtain the following relations:
Where v i and v di are the outputs of the sensor. From Equations (11) and (12),
Where K i is an approximate value of derivative function f '(x). Because we do not know the exact geometrical value, we decide on a tentative value
. From these values, we can denote:
Integrating Equation (15),
Using g 1 (x), improved value E 1i is obtained.
( )
From Equation (17), x 0i is improved to x 1i . Equation (15) is described by x 1i . Processing Equations (16) and (17) routinely until convergence, we finally can obtain the value x i and calibrated function f(x).
DEVELOPMENT OF TWO-DIMENSIONAL ANGLE SENSOR
Outline of Sensor Figure 5 shows the outline of the developed sensors. It is a type of two-dimensional autocollimator using a laser diode, achromatic lens and 4-segment photodiode. Two angle sensors are incorporated in the sensor base. The laser ray is divided into two probes, and measures angles at different positions.
The sensor is attached to a hinge base. Two piezoelectric actuators move this hinge for in-situ self-calibration in the parallel direction and independently. Because the measurement axis is rotated 45 degrees from the sensor base direction, mono-axis movement of the hinge base simultaneously applies tiny variations in the x and y directions. Figure 6 shows the signal processing of the outputs of this sensor. Each segment of the 4-segment photodiode outputs current in proportion to the energy of the laser spot. After the current-voltage exchange circuit, analog calculators process addition and subtraction calculation between the four outputs. The AD board receives the outputs of the calculations, a personal computer divides the subtraction output by the addition output as shown in Figure 6 , and angle sensor outputs are calculated. Using Equations (2) and (3), two-dimensional displacement outputs are obtained. Figure 7 shows the stability of the two-dimensional sensor monitoring a fixed angle grid for 5 minutes. From this figure, it is seen that the stability of the sensor is less than 5 arcsec. This is 0.3% of the sensor range. The hinge movements are sufficiently stable to perform in-situ self-calibration. Because in-situ self-calibration needs requires tiny amounts of geometry only, hysteresis of the piezoelectric actuator does not need to be taken into consideration.
Characteristics of Sensors
A basic experiment to confirm the output of the sensors is tested in Figure 9 . An angle grid was set on an x-y stepping motor stage, and monitored by two-dimensional sensors. As shown in the figure, displacement was applied in the x direction only. The x axis indicates the displacement of the stepping motor, and the y axis indicates the sensor outputs in the x and y directions simultaneously. It can be seen that only the x direction angle outputs change with sensor movement while the y direction angle outputs do not change, because the stage is moving in the x direction. The sensor outputs for the x direction have the appearance of a sinusoidal curve. From these results, it is found that the two-dimensional angles in the angle grid are independent of each other. Figure 10 shows the outputs of sensors monitoring an angle grid within the range of 1000 microns in the x direction and 1000 microns in the y direction. The angle outputs in the x direction are shown in (a), and those in the y direction are shown in (b). The sampling distance was 5 microns for the x direction and 50 microns for the y direction. It can be seen that the sinusoidal angles change independently.
From Figure 9 and 10 confirm that two-dimensional displacement monitoring is possible, but the displacement accuracy will not be so good because the angle outputs are not perfectly sinusoidal curves. These outputs have some errors that produce deviations from the sinusoidal. These errors arise from the nonlinearity of the two-dimensional sensors and machining error in the angle grid. It is therefore necessary to calibrate the sensors and angle grid with each other.
IN-SITU SELF CALIBRATION
EXPERIMENT Experimental Procedure Figure 11 shows methods of in-situ self-calibration for the angle sensor and angle profile. To calibrate the angle sensor, a tiny variation of angle θ d is added while performing profile scanning (Figure 11 (a) ). Then, the differential value of the calibration curve is obtained. This is the procedure normally used in the in-situ self-calibration method.
In this study, we extended this method to include profile calibration. To calibrate the angle profile, a To improve calibration accuracy, the profile calibration area was limited to the sensitive area shown in Figure 12 . The sensitive area was 1/8 wavelength centering around a sinusoidal zero-cross point. The distance between the two angle sensors installed in this system was selected to supplement each sensitive area. Figure 13 shows the sensor output adjusted probe distance. Figure 14 shows the results of the in-situ self-calibration experiment. The x axis indicates the sensor output and the y axis indicates the linearity error from the mean sensitivity of the sensor. This figure shows the x and y direction of angle together. The repeatability of calibration was within 10 arcsec. This was about 0.7 % of the calibration area.
Experimental Results
The profile calibration results using the calibrated sensor are shown in Figure 15 . This figure shows two sets of calibrated profile results and the error from the sinusoidal angle profile. The maximum repeatability error was within 20 arcsec. In this figure, the calibrated area of the angle grid crosses two sensitive areas. An alternative point is -636 arcsec , which is 2 / 1 of the angle amplitude. Because this was a basic experiment, only one alternative point was selected. In a system for practical use, a succession of alternative points will be selected. 
DISPLACEMENT DETECTION EXPERIMENT
Using the calibrated sensor and calibrated angle grid, a displacement detection experiment was performed. A personal computer was used to store each of calibrated data in memory. The procedure for displacement detection was as follows:
1) The AD board received the calculation output.
2) The computer calculated the division (shown in Figure 6 ). 3) Using memory, the computer calibrated the angle output. 4) The displacement was denoted from the angle output and calibrated profile information. Figure 16 shows the experimental results. A capacitance type displacement sensor was used to confirm the accuracy of this system. The stepping motor stage moved in the x direction and the system monitored the displacement. The figure shows the x direction errors from the reference and y direction displacement. Two results are shown for the x direction: one using the calibrated sensor and angle grid, and the other using no calibration, but using the normal design value (sinusoidal curve). An error of more than 20 microns exists when the sinusoidal curve is used for monitoring, but the error is less than 2 microns when the calibrated angle grid information is used. These results confirm the effectiveness of in-situ self-calibration.
From the y direction displacement, a 3-micron displacement was detected for 140-micron x direction stage movement. This means that the direction of movement of the stage was skewed about 1 degree from the angle grid axis.
CONCLUSION
We have proposed a new two-dimensional displacement sensor system. Two-dimensional angle sensors monitor a two-dimensional angle grid, and two-dimensional displacement can be detected and from the angle variations. The present study is summarized as follows:
1) The principles of our two-dimensional displacement monitoring method are shown. This system is unique in that displacement is detected from the monitoring of angle outputs. 2) A two-dimensional angle sensor was developed for this system. This sensor is able to add tiny motions for in-situ self-calibration.
3) The independency of the angle outputs was confirmed by monitoring the angle grid, indicating that two-dimensional displacement detection is possible. 4) By using in-situ self-calibration, it is possible to improve the displacement detection capability from an error level of more than 20 microns to an error level of less than 2 microns.
